We previously found that L-tyrosine (L-TYR) but not D-TYR administered by reverse dialysis elevated catecholamine synthesis in vivo in medial prefrontal cortex (MPFC) and striatum of the rat (Brodnik et al., 2012) . We now report L-TYR effects on extracellular levels of catecholamines and their metabolites. In MPFC, reverse dialysis of L-TYR elevated in vivo levels of dihydroxyphenylacetic acid (DOPAC) (L-TYR 250 e1000 mM), homovanillic acid (HVA) (L-TYR 1000 mM) and 3-methoxy-4-hydroxyphenylglycol (MHPG) (L-TYR 500e1000 mM). In striatum L-TYR 250 mM elevated DOPAC. We also examined L-TYR effects on extracellular dopamine (DA) and norepinephrine (NE) levels during two 30 min pulses (P2 and P1) of Kþ (37.5 mM) separated by t ¼ 2.0 h. L-TYR significantly elevated the ratio P2/P1 for DA (L-TYR 125 mM) and NE (L-TYR 125e250 mM) in MPFC but lowered P2/P1 for DA (L-TYR 250 mM) in striatum. Finally, we measured DA levels in brain slices using ex-vivo voltammetry. Perfusion with L-TYR (12.5e50 mM) dosedependently elevated stimulated DA levels in striatum. In all the above studies, D-TYR had no effect. We conclude that acute increases within the physiological range of L-TYR levels can increase catecholamine metabolism and efflux in MPFC and striatum. Chronically, such repeated increases in L-TYR availability could induce adaptive changes in catecholamine transmission while amplifying the metabolic cost of catecholamine synthesis and degradation. This has implications for neuropsychiatric conditions in which neurotoxicity and/or disordered L-TYR transport have been implicated.
Introduction
Tyrosine 3-monooxygenase (EC 1.14.16 0.2) (tyrosine hydroxylase -TH) stereospecifically catalyzes hydroxylation of L-tyrosine (L-TYR) and is considered to be the rate-limiting step in the synthesis of catecholamines (Fitzpatrick, 1999; Kaufman, 1995; Nagatsu et al., 1964) . Conventionally, TH is thought to be near full saturation by L-TYR; hence acute changes in the rate of TYRhydroxylation are attributed almost exclusively to changes in TH activity (Fitzpatrick, 1999; Kaufman, 1995; Reed et al., 2010; Zigmond, 1988) . This tenet must be reconciled, however, with persistent evidence that at least under certain conditions, L-TYR availability affects catecholamine synthesis and efflux. Elevated brain L-TYR levels were first reported to increase Ldihydroxyphenylalanine (DOPA) (tissue accumulation measured ex vivo) by Wurtman and co-workers (Wurtman et al., 1974) . The consistency and physiological relevance of this finding, however, were challenged. Other groups variously reported that several-fold increases in tissue L-TYR levels at best marginally elevated brain tissue DOPA (Carlsson and Lindqvist, 1978; Nissbrandt and Carlsson, 1987) or that DOPA accumulation modestly increased within a very narrow range of elevated TYR concentrations (Badawy and Williams, 1982) . In all these studies however, tissue DOPA accumulation was measured after systemic administration of aromatic amino acid decarboxylase (AADC) inhibitors that concomitantly inhibit TYR-transaminase (EC 2.6.1.5) and hence raise brain L-TYR levels per se (Dyck, 1987) . In the one study where AADC was inhibited by microwave irradiation rather than pharmacologically, systemic administration of L-TYR markedly elevated tissue DOPA levels in the rat brain (Westerink et al., 1982) . Administration of AADC inhibitors via reverse dialysis permits measurement of DOPA accumulation in vivo (Westerink et al., 1990) without perturbing L-TYR levels (Bongiovanni et al., 2008) . We applied this approach to the medial prefrontal cortex (MPFC) and striatum (Brodnik et al., 2012) and postulated that as the concentration of L-TYR increased, DOPA levels would initially increase and then plateau due to inhibition of TH by L-TYR (Lloyd and Kaufman, 1974; Quinsey et al., 1998; Ribeiro et al., 1992) , or by the endproduct DA, given that inhibition of AADC by NSD-1015 remains incomplete (Neff et al., 2006) . We were surprised, however, that in striatum increasing concentrations of L-TYR (62.5e1000 mM) incrementally elevated DOPA levels without evidence of inhibition (Brodnik et al., 2012) . In MPFC, L-TYR concentrations (31.75e500 mM) increased L-DOPA levels with maximal elevation induced by L-TYR range (62.5e125 mM) (Brodnik et al., 2012) . D-TYR, the enantiomer for which TH has negligible activity (Nagatsu et al., 1964) , had no effect in either region (Brodnik et al., 2012) . We concluded that increases in L-TYR availability within the physiological range increased brain regional DOPA accumulation and by implication DOPA synthesis in vivo, via a stereospecific THmediated mechanism (Brodnik et al., 2012) . The functional implications of these findings depend on the fate of the additional DOPA generated.
Under usual conditions, most DOPA is rapidly decarboxylated to DA which is then metabolized to dihydroxyphenylacetic acid (DOPAC) or homovanillic acid (HVA) or is converted to norepinephrine (NE) (Eisenhofer et al., 2004; Kopin, 1985) . Thus, in the absence of AADC inhibition, L-TYR-induced elevations in DOPA synthesis would be expected to elevate levels of catecholamines or their metabolites. Experimentally elevated brain L-TYR levels have indeed been reported to increase tissue levels of DOPAC, HVA, NE or the NE metabolite 3-Methoxy-4-hydroxyphenylglycol (MHPG) in the MPFC, a region characterized by high basal rate of TH activation and DA synthesis (Morrow et al., 1996; Tam et al., 1990) as well as in other brain regions after TH activation (Chance et al., 1990; Milner and Wurtman, 1986) . Since both released and unreleased catecholamines enter the same degradative pathway (Eisenhofer et al., 2004; Gesi et al., 2001 ) however, tissue metabolite levels alone provide incomplete information about the underlying pathways.
For this reason we have now examined how L-TYR concentrations within the range that increased in vivo DOPA levels stabilized by AADC inhibition (Brodnik et al., 2012) , affect in vivo catecholamine and metabolites levels when metabolic pathways are not pharmacologically perturbed. We postulated that increases in L-TYR availability would raise extracellular levels of metabolites of DA and/or NE, confirming that L-TYR elevations affect catecholamine synthesis under baseline conditions. We further postulated that increased L-TYR availability would elevate Kþ stimulated extracellular levels of DA or NE, indicating an expansion of the functional pool of releasable catecholamines. Finally, we hypothesized that inhibitory DA receptors belonging to the type 2 family (D2R) (Anzalone et al., 2012; Wolf and Roth, 1990; Wu et al., 2002; Zhang and Sulzer, 2012) would limit L-TYR effects on DA efflux.
Methods

Subjects
Male Sprague-Dawley rats (Harlan, IN) (250e350 g) were housed two to a plastic cage (30 Â 30 Â 36 cm) with sawdust bedding and maintained on a standard 12 h on/off (7:00H/19:00H) light cycle with food and water ad libitum in an AALAC accredited facility. All procedures were conducted in accordance with current guidelines (National Research Council, 2011; Zhang and Sulzer, 2012) , and were approved by the Institutional Animal Care and Use Committee at the LSC-DVAMC (in vivo studies) or at the Drexel University College of Medicine (ex vivo studies).
Chemicals
For in vivo studies L-TYR and D-TYR (Sigma-Aldrich) were dissolved in Dulbecco's PBS (122 mM NaCl, 3.0 mM KCl, 1.2 mM MgSO4, 0.4 mM KH2PO4, 25.0 mM, NaHCO3, 1.2 mM CaCl2, and 5.0 mM glucose, pH 7.4) immediately before use. In Kþ stimulation studies, constant osmolality was maintained by an equimolar lowering of the concentration of NaCl as the concentration on of KCl was raised. For ex vivo studies, L-TYR, D-TYR and/or (-) quinpirole hydrochloride (Tocris) were dissolved in artificial cerebrospinal fluid (aCSF; 126 nM NaCl, 2.5 nM KCl, 1.2 nM NaH2PO4, 2.4 nM CaCl2, 1.2 nM MgCl2, 25 nM NaHCO3, 11 nM glucose, 0.4 nM lascorbic acid, pH adjusted to 7.4) immediately before use.
In vivo microdialysis
2.3.1. Surgery
Anesthesia was induced in a gas chamber with 4.5% isoflurane (Baxter) flushed with 2.0 l/min O 2 at 1 bar. Anesthetized rats were weighed, shaved, and placed into a stereotaxic frame (Kopf) where anesthesia was maintained with 3% isoflurane delivered through a nosecone. A guide cannula and microdialysis probe (PAN 30 kDa, MWCO, 320-mm OD, 4-mm active membrane; Bioanalytical Science) were implanted in either the MPFC (probe terminating: M/ L ± 0.70 mm, A/P þ 3.20 mm, V/D À7.00 mm, relative to bregma) or the striatum (probe terminating: M/L ± 3.20 mm, A/P þ 1.00 mm, D/ V À 7.00 mm). The probe was then connected via polyethylene tubing to a swivel and perfusion pump, and rats were placed in a 30 Â 30 x 35-cm Plexiglas enclosure with sawdust bedding and food and water ad libitum.
Microdialysis
One day after surgery, the microdialysis probe was perfused with Dulbecco's PBS at the rate of 10 ml/min for 15 min and then at 1.3 ml/min for the remainder of the study. Following a 1 h equilibration period, samples were collected every 30 min. Three baseline samples were collected beginning at 10:00 a.m. Changes in perfusate composition started at 11:30 a.m. (t ¼ 0). For studies without Kþ stimulation, the inflow line was switched to one containing PBS with a specified concentration of TYR (62.5e1000 mM)
for a period of 3 h. After the collection at 3.0 h, the perfusate line was switched back to one containing PBS only and samples were collected for an additional 2.0 h. In studies of stimulated efflux, the perfusate was switched for a 30 min period to one containing K þ (25e100 mM) starting at t ¼ 0.5 h and again at t ¼ 3.0 h. There were thus two 30 min pulses of high K þ perfusion separated by an interval of 2.0 h. From t ¼ 1.0 h onwards the perfusate also contained TYR (0e250 mM), In other words. TYR was administered during the second but not the first high K þ pulse (Fig. 3) .
Sample analysis
Microdialysate samples (10 ml) were analyzed by HPLC coupled to electrochemical detection. Separation was achieved with a 100 Â 4.6-mm reversed-phase C18 column with 3-mm particles (Agilent Technologies Microsorb-MV). For analysis of the catecholamine metabolites DOPAC, HVA, and MHPG the mobile phase consisted of 12.5 mM citrate, 20 mM acetate, and 0.1 mM EDTA with 10% (v/v) methanol adjusted to pH 2.8, and for analysis of catecholamines DA and NE the mobile phase consisted of 12.5 mM citrate, 20 mM acetate, and 0.1 mM EDTA with 10% (v/v) acetonitrile adjusted to pH 5.0e6.0 and with 0e3.0 mM octylsulfonic acid adjusted as a modifier according to (Brodnik and Jaskiw, 2015; Eisenhofer et al., 2004) . The mobile phase was pumped at 0.5 mL/ min. The ECD had a glassy carbon electrode set at a potential of 0.78 V for analysis of metabolites, and at 0.50 for analysis of catecholamines relative to the Ag/AgCl reference electrode. The detection limit for DA was 50 fg/10 mL at a 3:1 signal-to-noise ratio.
Histology
At the end of each microdialysis session, the rats were euthanized (IP Euthasol, Virbac Animal Health), decapitated, and their brains removed. Brains were frozen at À40 C before being cut on a cryostat at 50-mm intervals for probe placement verification. Data from rats in which the probe extended beyond the target region ( Fig. 1) were discarded.
Ex vivo voltammetry
Slices containing the striatum were prepared from naive rats following decapitation without pretreatment. Brains were removed and transferred into ice-cold oxygenated aCSF containing 3.175 mM L-TYR to prevent the potential TYR depletion that may develop when tissue is stimulated in a TYR-free medium (Buyukuysal and Mogol, 2000) . A vibrating microtome was used to produce 300 mm thick coronal sections, which were then transferred into a testing chamber and flushed with aCSF with 3.175 mM L-TYR (32 C) flowed at 1.0 ml/min. Following 30 min of equilibration, a carbon fiber microelectrode (150e200 mm length x 7.0 mm diameter) and a bipolar stimulating electrode (Plastics One, Roanoke, VA) were placed in the dorsolateral striatum (Fig. 1) . DA release was elicited every 5 min using a single electrical pulse (600 mA, 4.0 ms, monophasic), and was recorded as previously described (Brodnik and Espana, 2015; Espana et al., 2010) . Once the stimulated DA response was stable for three successive stimulations (less than 10% variation) experimental manipulation began. In the first experiment, 6.25, 12.5, 25, 50 mM) was applied cumulatively to brain slices via perfusate. In the second experiment, slices were perfused with L-TYR (3.125 or 25 mM) or D-TYR 25 mM for 1.0 h following baseline collections. In the third experiment, slices were perfused for 45 min with the relatively D2R-selective agonist quinpirole at a concentration (66 mM) that maximally stimulates release-modulating autoreceptors in brain slices (Mateo et al., 2005) and then with both quinpirole and L-TYR for an additional hour.
Stimulated DA release and reuptake were characterized according to Demon Voltammetry and Analysis Software (Yorgason et al., 2011) . The concentration of stimulated DA release was assessed by comparing the peak oxidation potential on voltammograms with electrode calibrations of 3.0 mM DA.
Statistics
In microdialysis studies, analyte levels were first expressed as a percentage of baseline, defined as the average of three consecutive pre-treatment levels. Unstimulated levels of catecholamines or metabolites were analyzed by ANOVA (time as repeated measure ± treatment as main measure). If the main effects were significant, the following comparisons were made by Dunnett's post-hoc t-tests: i) 3.0 h levels v. baseline, 4.5 h levels v. baseline, 4.5 h levels v. 3.0 h levels. In all except one experiment (Fig. 2B) , TYR was administered by reverse dialysis for 3.0 h. Thus 4.5 h levels were collected 1.5 h after cessation of TYR administration.
For in vivo studies of stimulated efflux, the maximum DA or NE levels reached during the first (P1) and second Kþ pulses (P2) were calculated as a % of baseline. Since the data for P1 and P2 were not normally distributed we compared P1 to P2 using the Wilcoxon rank sum test (Fig. 4 D, E), and then tested for TYR effects on the P2/ P1 ratios using one-way ANOVA followed by Dunnett's post-hoc tests (Fig. 4GeI) . Pearson correlations were calculated for P2 vs. P1 across different Kþ as well as TYR concentrations (Table 2) .
For ex vivo studies, DA levels in response to changing TYR concentrations were analyzed by a repeated measures one-way ANOVA. A one -way ANOVA was also used to compare effects of L-TYR 25 mM v. D-TYR 25 mM. Finally, paired t-tests were used to compare the effects of quinpirole v. baseline and of quinpirole v.
(quinpirole þ L-TYR 25 mM). Statistical analysis was performed using SPSS (IBM). All data in figures and tables are expressed as mean ± SEM.
Results
L-TYR elevates in vivo catecholamine metabolite levels
Basal levels of DA, DOPAC and HVA were measured in both MPFC and striatum; NE and MHPG were quantified only in MPFC (Table 1 ). In the MPFC, there were no significant TYR effects on DA levels (SI Table 1 ). For all analyses in which a significant main effect was observed, we performed two separate post-hoc analyses. First, an independent one-way ANOVA with time as a repeated measure was applied to determine if metabolite levels changed significantly from baseline across the duration of treatment. Second, a Dunnett's post-hoc test was conducted to determine if metabolite levels differed from vehicle treated groups. For DOPAC, the time x treatment effect was significant (F(108, 58) ¼ 3.842, p < 0.001). Post-hoc tests showed that MPFC DOPAC levels after 3.0 h of reverse dialysis with L-TYR 250 mM, 500 mM or 1000 mM were significantly higher than those at baseline (Fig. 2C ) or those at t ¼ 4.5 h (i.e. 1.5 h after reverse dialysis of TYR had ceased) ( Fig. 2A , SI Table 2 ). MPFC DOPAC levels after 3.0 h reverse dialysis with L-TYR 1000 mM were significantly higher than those of vehicle perfused rats (Fig. 2C) . For HVA the effect of time x treatment was significant (F(108, 58) ¼ 1.59, p < 0.001). HVA levels after 3.0 h reverse dialysis with L-TYR 1000 mM were significantly higher than i) those at baseline, ii) those of VEH-treated rats at t ¼ 3.0 h (Fig. 2E) , iii) those at t ¼ 4.5 h (SI Table 3 ). For MHPG the effect of time x treatment was significant (F(108, 58) ¼ 2.85, p < 0.001). Post-hoc tests showed that MHPG levels after 3.0 h reverse dialysis with L-TYR 250 mM, 500 mM or 1000 mM were higher than those at baseline (Fig. 2G) or those collected at 4.5 h (SI table 4). In addition, MHPG levels after 3.0 h of reverse dialysis with L-TYR 500 mM or 1000 mM were significantly higher than those of vehicle perfused rats (Fig. 2G) . MPFC levels of D-TYR (250e1000 mM) had no significant effects ( Fig. 2 and SI Table 1 ).
In striatum there were no significant overall L-TYR effects on DA or HVA (Fig. 2F, SI Table 3 ). DOPAC levels showed a significant time x treatment effect (F(72, 42) ¼ 2.21, p < 0.05). By t ¼ 3.0 h, DOPAC levels in VEH treated animals were significantly lower than at baseline ( Fig. 2B and D) . The same was evident after L-TYR 125 mM, 500 mM, 1000 mM and after D-TYR 250 mM (Fig. 2D) . However, L-TYR 250 mM prevented the decline at t ¼ 3.0 h and produced DOPAC levels higher than any of the other treatments ( Fig. 2B and D) . One way ANOVA with time as a repeated measure for each of the treatments confirmed changes in DOPAC levels for all but the L-TYR 250 mM group. To examine this further, we administered TYR 250 mM for 5.0 h to an additional group of animals, (Fig. 2B) HVA in MPFC (E) or striatum (F) after 3.0 h of VEH or TYR. MHPG in MPFC (G) after 3.0 h of VEH or TYR. Significantly different from baseline: *p < 0.05, **p < 0.01, ***p < 0.001. Significantly different from VEH-treated group, yp < 0.01, yyp < 0.001. Mean ± SEM, n ¼ 5/group.
Determining optimal Kþ concentrations for stimulated efflux in vivo
We examined a range of K þ concentrations (12.5e100 mM) on DA efflux using a two pulse paradigm (two 30 min Kþ pulses 2.0 h apart) (Ripley et al., 1997) (Fig. 3A and B) . Overall, the Kþ response curve fit a sigmoidal function both in the MPFC and striatum ( Fig. 3C and D). The ratio of peak response amplitude for the second potassium pulse (P2) to the first (P1) did not vary significantly Fig. 3E and F). K þ 37.5 mM was the minimal concentration that showed a significant and high Pearson correlation (r > 0.9, p < 0.05) for P2 vs. P1 in both MPFC and striatum (Table 2) , and was used for further studies. (Table 2A) . Due to the technical challenges, separate animals were often used to measure DA and NE. For that reason, we are not reporting correlations between DA and NE within animals. For striatum DA, P2 was significantly greater than P1 in the VEHtreated group (Wilcoxon; Z ¼ 36, p < 0.05) (Fig. 4F ). However, no significant differences were observed between P1 and P2 for any concentration of L-TYR or D-TYR. A one-way ANOVA revealed a significant effect of treatment on the P2/P1 ratio (F (24, 4) ¼ 4.90, p < 0.01). P2/P1 was significantly lower in the L-TYR 250 mM treated group than in VEH-treated animals ( Fig. 4I ). There were generally high and significant correlations between P1 and P2 for striatal DA (Table 2A) .
L-TYR elevates DA efflux ex vivo in the striatum
Increasing concentrations of L-TYR in the medium progressively increased evoked DA ( 12.5 mM -50 mM increased evoked DA efflux relative to controls (3.125 mM) (Fig. 5B) . In a separate experiment comparing L-TYR 3.125 mM, L-TYR 25 mM, and D-TYR 25 mM, a one-way ANOVA showed significant effects of treatment (F (12, 2) ¼ 10.31, p < 0.01). Dunnett's post-hoc t-tests revealed that stimulated DA efflux was significantly greater during perfusion with L-TYR 25 mM than in the other two groups; the effect of D-TYR 25 mM was not different from that of controls (Fig. 5C ). In the final experiment, quinpirole 0.66 mM (calculated as free base) added to the control medium after baseline collections were completed, significantly lowered stimulated DA release by~45% relative to baseline (t(4) ¼ 4.144, p < 0.05) (Fig. 5D ). L-TYR 25 mM introduced following 45 min of perfusion with quinpirole 0.66 mM did not alter stimulated DA release while TYR was administered continuously from the end of P1 (-) in medial prefrontal cortex (MPFC) and striatum. Time course for DA or NE and L-TYR 125 mM (A, B, C). Bivariate scatter plots (D, E, F) for extracellular levels of DA or NE for P1 and P2 with filled makers denoting TYR concentrations at which P1 and P2 were significantly different (p < 0.05) Column scatter plots of P2/P1 ratios for DA or NE (G, H, I). Significantly different from vehicle (VEH) treated animals. (*p < 0.05, **p < 0.01). Mean ± SEM. n ¼ 5/group. Then (B), Kþ (37.5 mM) was applied during both P1 and P2 while tyrosine (TYR) (0e250 mM) was applied during P2 (Fig. 3) . (medial prefrontal cortex ¼ MPFC).
Discussion
Overall
We examined concentrations of L-TYR previously reported to elevate in vivo DOPA levels stabilized by AADC inhibition (Brodnik et al., 2012) . Now, elevated L-TYR availability raised in vivo DOPAC and MHPG levels in the MPFC and DOPAC levels in the striatum under baseline conditions (Fig. 2) . Furthermore, L-TYR elevation augmented K þ -induced DA and NE levels in MPFC but lowered in vivo DA levels in striatum (Fig. 4) . Finally, administration of L-TYR elevated stimulated DA efflux from striatal slices in vitro; this was blocked by a presynaptic dose of a D2R agonist (Fig. 5) . In all cases, D-TYR had no effect. Our initial hypothesis, that elevations of brain regional L-TYR availability would elevate metabolite levels as well as stimulated efflux of DA and NE (Figs. 2, 4 and 5) was fully met with respect to MPFC and partially met for striatum. The findings must be interpreted in light of both theoretical and technical considerations.
L-TYR levels
L-TYR is transported across biological membranes by a family of large neutral amino acid (LNAA) carriers (del Amo et al., 2008; Uchino et al., 2002) expressed by all classes of brain cells (Heckel et al., 2003; Ishizuka et al., 2008) . As extracellular concentrations of a given LNAA increase, intracellular concentrations increase as well (Mains and Patterson, 1973; Tsai and Lee, 1996) . Thus, L-TYR introduced by reverse dialysis should readily raise intracellular L-TYR levels in all brain cells. Given usual probe recovery for L-TYR (15e30%) (Bongiovanni et al., 2003; Choi et al., 2001 ) and average L-TYR levels of 2 mM in microdialysate from rat brain (Bongiovanni et al., , 2008 (Bongiovanni et al., , 2010 Jaskiw et al., 2005; Jaskiw et al., 2006 Jaskiw et al., , 2008b McFarlane et al., 2011) we estimate basal L-TYR levels in rat brain interstitial fluid to be~7e14 mM. That falls within the range of L-TYR levels reported in rat cerebrospinal fluid (2e19 mM) (Bongiovanni et al., 2010; Kornhuber et al., 1986; Reichel et al., 1995; Therrien and Butterworth, 1991) .
L-TYR levels in rodent brain tissue can be raised up to 7-fold by experimental diets (Block and Harper, 1991; Thurmond et al., 1980) though increases up to 3-fold are more commonly described (Choi et al., 2001; Fernstrom and Faller, 1978; Peters and Harper, 1987; Voog and Eriksson, 1992) . Our goal was to achieve a comparable elevation in vivo. During reverse dialysis, 10% or less of an administered drug reaches the surrounding extracellular space (Westerink and De Vries, 2001 ). Homogeneous diffusion is not assured (Benveniste et al., 1990) . However, assuming that L-TYR levels in interstitial fluid near the microdialysis probe are~5e10% of those of perfusate (Westerink and De Vries, 2001) , and given basal levels of L-TYR in interstitial fluid~10 mM, we estimated that perfusate concentrations of L-TYR in the range 200e400 mM would raise local extracellular L-TYR levels approximately 3-fold. We previously showed that after systemic administration of L-TYR, increases in extracellular and tissue L-TYR were highly comparable (Bongiovanni et al., 2003 (Bongiovanni et al., , 2010 .
D-TYR as non-enzymatic control
In mammalian tissue, L-TYR is hydroxylated enzymatically either by TH (Fitzpatrick, 1999; Kaufman, 1995; Nagatsu et al., 1964) or by monophenol monooxygenase (EC 1.14.18.1) (tyrosinase), an enzyme not expressed in adult rodent brain (Rios et al., 1999) . L-TYR can also be hydroxylated non-enzymatically under neurotoxic conditions (Breier et al., 2006) , presumably via the Fenton reaction (Maskos et al., 1992) . TH-mediated vs. non-enzymatic mechanisms are often distinguished through administration of a TH-inhibitor, typically a-methyltyrosine or one of its analogues (Nagatsu et al., 1964) . As a synthetic LNAA however, a-methyltyrosine also competes with L-TYR for binding to LAT-1, the main LNAA membrane transporter (Kopka et al., 2001) . LAT-1, like other LNAA transporters from the L-family is an obligatory 1:1 heteroexchanger; for every LNAA molecule carried in one direction across a membrane, another LNAA molecule must be transported in the opposite direction ( a-methyltyrosine by reverse dialysis would inhibit TH directly but would in addition deplete intracellular L-TYR. This depletion could per se lower indices of DA synthesis, metabolism and efflux (Biggio et al., 1976; Bongiovanni et al., 2008 Bongiovanni et al., , 2012 Fernstrom and Fernstrom, 1994; Jaskiw et al., 2005; McTavish et al., 1999) . Thus, any in vivo a-methyltyrosineinduced attenuation of L-TYR effects could reflect the net influence of two separate mechanisms. Another approach involves exploiting the high stereospecificity of TH for L-TYR over D-TYR (Fitzpatrick, 1999; Kaufman, 1995; Nagatsu et al., 1964) . While D-TYR readily enters brain tissue (Chirigos and Greengard, 1960) , it interacts relatively weakly with the LNAA membrane transporter (Kanai and Endou, 2001; Kawai et al., 1999) and induces little heteroexchange with L-TYR (Richelson, 1974) . Thus administration of D-TYR should not per se significantly affect intracellular L-TYR kinetics. Since L-TYR and D-TYR are equally likely to be hydroxylated via the Fenton reaction (Wittbjer et al., 1996) , an absence of D-TYR effects would implicate TH-mediated hydroxylation of L-TYR. We tested a single concentration (250 mM) of D-TYR corresponding to the L-TYR concentration (250 mM) which affected DOPAC and MHPG in the medial prefrontal cortex ( Fig. 2A, C, 2G ), DOPAC in striatum ( Fig. 2B and D) and for which we generated the most extensive time course ( Fig. 2A  and B ). Possible effects of higher D-TYR concentrations cannot be precluded.
Catecholamine metabolite levels as indices of DA synthesis
Administration of L-TYR by reverse dialysis did not affect extracellular levels of DA (SI Tables 1 and 2 ) but elevated catecholamine metabolites, albeit with region-specific differences (Fig. 2) . These must be understood in relation to catecholamine kinetics. Cytosolic TH is present in both soluble and membrane bound forms associated with different regulatory properties (Cartier et al., 2010; Kuczenski and Mandell, 1972) . Approximately 80% of DOPA generated from the hydroxylation of L-TYR in striatal terminals is rapidly converted to DA by AADC (Cumming et al., 1998) . Some of the newly formed DA is metabolized by mitochondrial monoamine oxidase (MAO) via a short-lived aldehyde intermediate to DOPAC, which can be transported from the cytosol into the extracellular space by a carrier for acidic metabolites (Lamensdorf et al., 2000; Markov et al., 2008) . The remaining DA is packaged into vesicles by the type 2 vesicular monoamine transporter (Eisenhofer et al., 2004; Westerink, 2006) . Depolarizationinduced calcium influx then promotes fusion of vesicles with the plasma membrane and release of DA into the synaptic cleft (Denker and Rizzoli, 2010) .
Synaptic vesicles preferentially take up freshly synthesized DA (Westerink, 2006) . Increased DA availability, such as follows elevated DA synthesis, raises the DA content of individual vesicles intended for the active zone and increases stimulation-induced quantal DA release (Pereira and Sulzer, 2012; Westerink, 2006) . Together these processes increase coupling between DA synthesis and stimulation-induced DA release (Westerink, 2006) . The extracellular DA can be taken up by one of the catecholamine transporters and either re-released or metabolized (Eisenhofer et al., 2004; Westerink, 2006) . Some vesicular DA may leak into the cytosol where it can also be converted to DOPAC (Eisenhofer et al., 2004) . Extraneuronal DA can be metabolized to homovanillic acid (HVA) through the action of catechol-O-methyltransferase (COMT) (Eisenhofer et al., 2004; Westerink, 2006) . The relative contributions of uptake and metabolism to net extracellular DA levels vary between DA terminal fields and can be modified pharmacologically (Westerink, 2006) .
Due to the overlapping and interconnected metabolic pathways, extracellular levels of DOPAC and HVA could reflect intracellular metabolism of i) newly synthesized DA before it is sequestered (Wallace and Traeger, 2012) , ii) DA that has leaked from storage vesicles into the cytosol, and/or iii) extracellular DA recaptured by reverse transport (Eisenhofer et al., 2004; Wallace and Traeger, 2012) . Thus, metabolite levels can be affected by DA reuptake (Zhuang et al., 2001) as well as by the activity of MAO or COMT (Huotari et al., 2002; Okada et al., 2011) . L-TYR can inhibit TH activity directly (Lloyd and Kaufman, 1974; Quinsey et al., 1998; Ribeiro et al., 1991) but is not known to interact with any of the other enzymes or transporters that affect intra-or extracellular levels of DA or its metabolites. Accordingly, we conclude that L-TYR induced elevations of extracellular DOPAC or HVA necessarily reflect an increase in net DA synthesis.
L-TYR administration elevates brain regional catecholamine metabolites
The mesocortical DA innervation is characterized by a high fraction of activated TH (Iuvone and Dunn, 1986 ), a greater dependence of DA synthesis on TYR availability (Bradberry et al., 1989; Tam et al., 1990) , rapid DA turnover (Bannon et al., 1981a) , tight coupling between DA synthesis and efflux , and a high rate of DA efflux per terminal (Cass and Gerhardt, 1995; Garris and Wightman, 1994) . These characteristics make MPFC DA synthesis and efflux relatively sensitive to L-TYR availability (Tam et al., 1990) . The regulation of extracellular DA levels in the MPFC is also distinct (Budygin et al., 1999; Ciliax et al., 1995; Kaenmaki et al., 2010; Masana et al., 2011) . Compared to striatum, the MPFC is characterized by a lower density of DA terminals but greater density of NE terminals (Audet et al., 1988; Descarries et al., 1987; Doucet et al., 1986; Plantje et al., 1987) . The NE transporter has a higher affinity for DA than for NE (Gu et al., 1994) . Even though most TH (Miner et al., 2003; Schmidt and Bhatnagar, 1979) and DOPA synthesis in MPFC is associated with DA terminals, NE terminals are a major determinant of extracellular mesocortical DA (Carboni et al., 2006; Di Chiara et al., 1992; Yamamoto and Novotney, 1998) and DOPAC levels (Devoto et al., 2001 (Devoto et al., , 2004 . L-TYR 250e1000 mM produced a greater than five-fold elevation of MPFC DOPAC (Fig. 2C ) and a more modest elevation of MHPG (Fig. 2G) . One possibility is that both elevations reflect catecholamine synthesis exclusively within NE terminals. On the other hand, since extracellular DA is a major precursor for extracellular MPFC NE (Carboni et al., 2006; Di Chiara et al., 1992; Yamamoto and Novotney, 1998) and extracellular DA levels were not concomitantly elevated (SI Table 1 ) it is more likely that the administered L-TYR elevated DA synthesis within DA terminals as well as NE synthesis within NE terminals. In brain regions where the DA innervation predominates, changes in extracellular DA and DOPAC can be dissociated, suggesting that extracellular DOPAC reflects mainly cytosolic metabolism of newly synthesized DA rather than of DA recaptured from extracellular fluid (Jones et al., 1998; Yadid et al., 2000) . By extension, this would suggest that the L-TYR induced elevation of catecholamine metabolites in MPFC under baseline conditions (Fig. 2C ) reflects increased turnover rather than release of DA and NE.
In striatum, DOPAC levels in our control (VEH-treated) rats declined significantly from morning through the afternoon (Fig. 2B and C), consistent with circadian rhythms. Striatal extracellular DOPAC levels in rats typically peak during the dark phase and decline to a nadir during the light phase (Marquez de et al., 2000; Paulson and Robinson, 1994) . Our critical finding is that L-TYR 250 mM abolished this decline (Fig. 2B and D) . Furthermore, extracellular DOPAC levels that remained stable during the 3.0 h period of L-TYR 250 mM administration began to decline immediately after L-TYR was discontinued (Fig. 2B) . When the duration of L-TYR 250 mM administration was extended, DOPAC levels at t ¼ 5.0 h were about twice as high as those in the VEH group (Fig. 2B) . These striatal changes were more modest than those in MPFC, where L-TYR concentrations over a wider range (250e1000 mM) elevated DOPAC 4 e 7-fold ( Fig. 2A, C) . Since the striatum has a very sparse NE innervation (Doucet et al., 1986; Plantje et al., 1987) , the changes in striatal DOPAC must be attributed to DA terminals.
Inhibition of TH activity
We posited that at higher L-TYR concentrations, increases in MPFC DA synthesis would be limited by overlapping mechanisms that inhibit TH activity. Cytosolic DA competes with reduced tetrahydrobiopterin for binding of Feþ2, and in addition forms a nearly irreversible, inactive TH-DA-Feþ3 complex (Dunkley et al., 2004; Kumer and Vrana, 1996) . Furthermore, mesocortical DA terminals possess release-modulating autoreceptors of the D2R type; their stimulation enlarges the cytosolic DA pool inhibitory to TH Wolf et al., 1986) . We found, however, that both extracellular MPFC DOPAC and MHPG increased along with increasing concentrations of L-TYR 250e1000 mM (Fig. 2) .
Furthermore, DOPAC levels began to rise shortly after introduction of perfusate containing L-TYR 250e1000 mM and continued to do so throughout the perfusion period (e.g. Fig. 2A ) without any evidence of inhibition ( Fig. 2A, C, E) . One possibility is that intra-terminal MAO rapidly metabolized the newly-synthesized DA, effectively preventing significant expansion of the inhibiting DA pool. Another explanation may derive from the relatively high fraction of phosphorylated TH in MPFC (Iuvone and Dunn, 1986) . Whereas unphosphorylated TH possessed both high affinity (Kd < 10 nM) and low affinity (Kd~90e100 nM) DA binding sites, phosphorylation abolishes the high affinity site, thus promoting dissociation of the inhibitory TH-DA-Feþ3 complex (Gordon et al., 2008) .
L-TYR itself can stereospecifically inhibit TH activity. This has been demonstrated in vitro for the free enzyme at L-TYR concentrations !30e100 mM (Lloyd and Kaufman, 1974; Quinsey et al., 1998; Ribeiro et al., 1991) as well as in cultured PC12 cells at intracellular L-TYR concentrations exceeding 400e500 mM (DePietro and Fernstrom, 1998) . Cytosolic L-TYR levels in brain cells can be estimated at~170 mM (Table 3) , assuming homogeneous distribution within and across different brain cells. We posit that reverse dialysis of L-TYR 250 mM elevated intracellular L-TYR~3-fold, into the range~500 mM. Therefore, reverse dialysis of L-TYR (500e1000 mM) should have raised intracellular L-TYR levels beyond the 400e500 mM range at which TH inhibition has been demonstrated in other catecholaminergic cell types (DePietro and Fernstrom, 1998) .
Inhibitory effects of L-TYR, however, vary depending on the source of TH. Rat brain TH is less sensitive to L-TYR inhibition than TH purified from bovine adrenal medulla (Kaufman, 1974) . Furthermore, no one, to our knowledge, has examined whether phosphorylation state affects the sensitivity of TH to L-TYR-mediated inhibition. There is also the possibility of metabolic channeling. Limited data suggest that newly acquired L-TYR can be compartmentalized into a functionally distinguishable metabolic pool rather than being homogenously distributed in cytosol (Menniti and Diliberto, 1989; Schallreuter et al., 2004; Shiman and Gray, 1998) . Could the additional L-TYR administered by reverse dialysis been sequestered away from TH? That is unlikely. The L-TYR-induced elevations of DOPAC indicate that TH was indeed exposed to the enlarged pool of L-TYR. However, we cannot preclude the possibility that high TH activity in MPFC prevented local L-TYR concentrations from reaching inhibitory levels. Several groups, including our own, have demonstrated that TH activity can affect local L-TYR levels Jaskiw et al., 2008a; Westerink and Wirix, 1983) . In striatum, only L-TYR 250M had an effect on DOPAC (Fig. 2D ) and that was modest compared to the MPFC (Fig. 2B) . The striatum is characterized by a higher fraction of unphosphorylated TH (Iuvone and Dunn, 1986) which should be more sensitive to inhibition by cytosolic DA (Dickson and Briggs, 2013) . Furthermore, inhibitory D2R autoreceptors on nigrostriatal DA terminals regulate DA synthesis, DA efflux and DA uptake (Bannon et al., 1981b; Chiodo et al., 1984; Wolf and Roth, 1990; Wu et al., 2002) . D2R that tonically inhibit local DA efflux have been identified on non-DA striatal neurons as well (Anzalone et al., 2012) . In combination, these mechanisms likely prevented higher concentrations of L-TYR from elevating extracellular DOPAC. It is noteworthy, however, that even the highest L-TYR concentrations tested did not lower DOPAC below control levels (Fig. 2) , as might have been expected had L-TYR-mediated inhibition been involved (Katz et al., 1976; Kaufman, 1974; Reed et al., 2010) .
Other investigators reported that L-TYR doses (25e200 mg/kg IP) which elevated L-TYR levels 1.5e6 fold had no effect on MPFC tissue DOPAC or HVA (Tam et al., 1990) . Similarly, striatal tissue DOPAC levels did not change in response to an L-TYR dose (250 mg/ kg IP) that elevated tissue L-TYR levels~5-fold (Westerink et al., 1982; Westerink and Wirix, 1983) . We note, however, that tissue and extracellular striatal DOPAC levels can be dissociated (Phebus et al., 1995) . Extracellular DOPAC may be a more sensitive index of perturbations in DA systems (Gagnaire et al., 2006) .
In early microdialysis studies, systemically administered L-TYR was reported to modestly elevate extracellular striatal DA but not DOPAC During et al., 1988 During et al., , 1989 . Those data, however, were collected under anesthesia, within a few hours of probe implantation. Such potential confounds (Adachi et al., 2000; Hamilton et al., 1992; ) are avoided in most modern studies. There is a single report that reverse dialysis of L-TYR 100 mM elevated extracellular DA levels in striatum of awake animals by~30% (Fusa et al., 2002 ). We have not been able to detect significant changes of such modest size by in vivo microdialysis. In our laboratory, a wide range of L-TYR doses administered systemically or by reverse dialysis did not affect extracellular DA levels in MPFC or striatum (Bongiovanni et al., 2003; Jaskiw et al., 2001 Jaskiw et al., , 2005 (SI  Tables 1 and 2 ). However, we did not previously examine extracellular catecholamine metabolites in vivo.
The current investigation was intended to complement our earlier study on DOPA levels (Brodnik et al., 2012) . The L-TYR doseresponse curves for DA metabolites (Fig. 2) and for NSD 1015-stabilized extracellular DOPA levels (Brodnik et al., 2012) turned out to be different. In the MPFC, DOPA levels were elevated by L-TYR 31.75e500 mM, with highest elevations induced by L-TYR (Daubner et al., 1992; Fitzpatrick, 1991) . b Average tissue levels in rat medial prefrontal cortex and striatum (Bongiovanni et al., 2010) . 62.5e125 mM (Brodnik et al., 2012 ). In the current study only concentrations L-TYR ! 250 mM elevated MPFC DOPAC and MHPG ( Fig. 2A and C) . In contrast, while the L-TYR-induced elevation in striatal DOPA levels in vivo was dose-dependent for the range 62.5e1000 mM (Brodnik et al., 2012) , only L-TYR 250 mM raised DOPAC levels in striatum ( Fig. 2B and D) . Overall, NSD 1015-stabilized DOPA levels in MPFC and striatum were elevated by a wider range of L-TYR concentrations (Brodnik et al., 2012) than those affecting DA metabolite levels (Fig. 2) . Differences in end-product inhibition of TH could be implicated. By inhibiting AADC, NSD 1015 elevates tissue (Carlsson et al., 1972) and extracellular DOPA (Westerink et al., 1990 ) levels. DOPA, however, is at best a weak inhibitor of TH (Almas et al., 1992; Karobath, 1971 ) with a binding affinity only about 1/1000 th of that of DA (Ramsey and Fitzpatrick, 2000) . TH derived from native tissue has been found complexed with DA, NE and epinephrine but never with L-DOPA (Andersson et al., 1992; Haavik et al., 1988) . Thus, the wide range of L-TYR concentrations that elevates NSD-1015 stabilized DOPA levels in vivo could reflect a secondary pharmacological attenuation of DA-mediated inhibition. While typical systemic doses of NSD 1015 lower striatal but not MPFC tissue DA levels (Berry et al., 1994; Galloway et al., 1986; Nakamura et al., 1992; Tam et al., 1990) , their effects on the DA pool inhibitory to TH have not been examined.
K þ stimulation
High K þ -induced depolarization of DA terminals, promotes calcium influx, thereby increasing DA turnover and exocytotic efflux (Bustos et al., 1976; Imperato and Di Chiara, 1984; Kapatos and Zigmond, 1979; Ripley et al., 1997; Westerink et al., 1989 ) of both newly synthesized as well as recycled DA (Bustos et al., 1972) . We addressed the considerable inter-subject variability of such effects by comparing sequential stimulations within the same animal (Jaskiw et al., 2008b; Ripley et al., 1997) . Of course, unlike sequential trains of physiologic depolarizations that promote vesicle fusion at the active zone of terminals, reverse dialysis of high Kþ imposes a non-physiological clamped depolarization that induces prolonged ectopic exocytosis (Tibbs et al., 1989; Valtorta et al., 1990 ) of multiple neurotransmitters (Ghijsen et al., 2003; Hertz and Peng, 1992; Verhage et al., 1991) across a relatively large volume of brain tissue. It affects protein synthesis (Wedege et al., 1977) , ECF LNAA levels (Jaskiw et al., 2008b) and influences glial cells as well as neurons (Hertz and Peng, 1992) . Since most high Kþ effects are dose-dependent, our goal was to use the minimum Kþ concentration that would yield consistent catecholamine efflux across two successive pulses. As expected (Stanford et al., 2000) , peak stimulated DA efflux in striatum increased with increasing Kþ concentration (Fig. 3D) . We observed similar effects on MPFC DA efflux (Fig. 3C) , confirming previous observations from brain slices (Ohmori et al., 1991) . As Kþ concentrations were elevated 37.5 mM -50 mM, DA efflux increased markedly (Fig. 3C  and D) . Across this range, the experimental variance but not the ratio P2/P1 also increased, prompting us to select Kþ 37.5 mM for additional studies.
In MPFC, L-TYR 125 mM increased P2/P1 for DA and for NE by 3-fold and 1.5 fold respectively (Fig. 4) . The P2/P1 for NE was also increased 1.5 fold by L-TYR 250 mM (Fig. 4) . In contrast, D-TYR 125 mM had no effect (Fig. 4) . The data suggest that an estimated 2e3 fold elevation of ECF L-TYR levels potently enhances stimulation-induced DA and NE efflux. This is consistent with earlier studies in which pharmacologically stimulated MPFC extracellular DA levels were also elevated when L-TYR levels were elevated 2e3 fold (Bongiovanni et al., 2003; Jaskiw et al., 2001 . The dissociation between DA and NE effects in response to L-TYR 250 mM ( Fig. 4G and H) suggests a contribution from NE terminals independent of that from DA. We note that the L-TYR concentration (125 mM) that elevated K þ -stimulated DA efflux (Fig. 4G ) was below the threshold (L-TYR 250 mM) for elevating unstimulated DOPAC and MHPG levels (Fig. 3C) . This is not surprising. K þ -induced stimulation changes the kinetic properties of TH (Harada et al., 1996; Haycock et al., 1998) and hence of DAmediated feedback mechanisms on TH catalytic activity.
In striatum, in contrast to MPFC, no elevation of P2/P1 was evident. Indeed, reverse dialysis of L-TYR 250 mM significantly lowered P2/P1 (Fig. 4F and I) . This was unexpected. Although even basal in vivo DA levels are sufficiently high enough to exert some tonic autoinhibition via D2R (Moquin and Michael, 2009 ), we previously found that a systemic dose of L-TYR that elevated brain L-TYR levels 2e3 fold, augmented haloperidol-induced striatal DA levels (Bongiovanni et al., 2003; Jaskiw et al., 2001) . Similarly to high Kþ, haloperidol administration induces TH phosphorylation (Haycock, 1987; Salvatore et al., 2001) , elevates DA synthesis (Zivkovic et al., 1975) and increases DA efflux (Jaskiw et al., 2001; Moghaddam and Bunney, 1990; Pehek and Yamamoto, 1994) . Phosphorylation does not, however, affect either uptake of L-TYR into synaptosomes (Goldstein et al., 1976; Harris et al., 1975) or the affinity of TH for L-TYR . One possibility is that during reverse dialysis of L-TYR 250 mM, the rate of K þ -induced DA synthesis exceeds that of internal metabolism and release, thereby expanding the intraterminal DA pool inhibitory to TH. As a group, our data are consistent with greater inhibitory regulation of DA efflux in striatum relative to MPFC (Budygin et al., 1999; Ciliax et al., 1995; Kaenmaki et al., 2010; Masana et al., 2011) . We also note that P2/P1 for striatal DA was~1.5 in the vehicletreated group (Kþ 37.5 mM, VEH) and that P2 was significantly larger than P1 by paired, non-parametric tests uncorrected for multiple comparisons (Fig. 4I) . Even though the P2/P1 ratio did not differ between VEH, L-TYR 62.5e125 mM and D-TYR 250 mM, this still raises the possibility of some carryover effects from P1 to P2. Pharmacologically induced acute activation of striatal TH typically ceases within 60 min of drug administration and does not affect the amount of TH protein for at least 6 h (Neff et al., 2006) . In most studies of DA efflux, DA terminals appear to be fully recovered 60 min after cessation of an initial stimulus (Michael et al., 1987; Ripley et al., 1997) . However, both the activity and protein expression of AADC can be increased within 60 min of a pharmacological stimulus and persist for 3.0 h (Neff et al., 2006 ). In our current study, the second Kþ exposure began 2.0 h after the end of the first Kþ exposure, that is, within the period of time during which AADC activity could still be elevated above baseline levels.
Ex vivo voltammetry
Given technical challenges in distinguishing relative contributions of DA and NE to the catechol signal, we did not conduct ex vivo studies in MPFC. In brain slices from striatum, increasing L-TYR concentrations (12.5e50 mM) produced a dose-dependent increase in evoked synaptic overflow with no evidence of inhibition ( Fig. 5A and B). Prior to drawing any mechanistic implications, critical differences between the in vivo and ex vivo models must be considered. In the intact brain, LNAAs can be readily replenished by transport across the BBB. In contrast, intracellular stores of free L-TYR in tissue slices are dependent on net protein catabolism and uptake from the incubating medium (Jones and McIlwain, 1971) . L-TYR levels in tissue slices fall by~33% within 15 min of incubation in a TYR-free medium (Buyukuysal and Mogol, 2000) . To prevent this, our control medium contained TYR 3.125 mM. We posit, given the 5e10% estimated delivery of L-TYR in vivo (Westerink and De Vries, 2001) , that intracellular L-TYR concentrations in brain slices during incubation with L-TYR 6.25e50 mM overlap with those reached during reverse dialysis concentrations of L-TYR 12.5e1000 mM.
The ex vivo synaptic overflow represents the net result of efflux and uptake in response to a relatively brief 4 ms stimulation, intended to model physiological depolarization (Kennedy et al., 1992) . This contrasts with the clamped 30 min Kþ depolarization used to generate in vivo data. Functionally distinct pools of vesicles have been identified by their response to different experimental conditions (Fowler and Staras, 2015) . In general, as the duration of a stimulus increases, both the size of individual neurotransmitter pools and the number of different neurotransmitter pools mobilized for fusion increase as well (Fowler and Staras, 2015; Ghijsen et al., 2003) . Within 5 min, high K þ -induces widespread ectopic exocytosis; the fusion of vesicles, which is normally limited to the active zone, becomes extended over a relatively large area of the synaptic membrane (Valtorta et al., 1990) . The ex vivo DA levels reflect less extensive mobilization of synaptic pools and hence are likely to be less tightly coupled to ongoing DA synthesis and hence to L-TYR availability.
In slices of striatum, stimulated DA synthesis and/or synaptic overflow in striatum increased concomitantly with increasing L-TYR availability ( Fig. 5A and B) . In other words, L-TYR-augmented striatal DA efflux could not be inhibited despite multiple regulatory mechanisms a) inhibition of TH by L-TYR and/or the intraterminal DA pool and b) D2R-mediated inhibition of TH/DA efflux/DAT. While endogenous DA acting on D2R-autoreceptors can inhibit synaptic DA overflow within 100 ms (Kennedy et al., 1992; Palij et al., 1990) , the detection of such effects depends on the experimental design (Kennedy et al., 1992; Phillips et al., 2002) .
cAMP-dependent kinase promotes phosphorylation and hence activation of TH (Briggs et al., 2014) . We examined a concentration of the D2R agonist quinpirole (0.66 mM) that exceeds both the threshold for inhibiting striatal DA efflux in vivo (12.5 nM) in the rat (Brodnik et al., 2013) as well as the threshold (100 nM) for inhibiting cAMP-induced phosphorylation in slices of mouse striatum (Lindgren et al., 2003) . Quinpirole 0.66 mM inhibited synaptic overflow of DA to~45% baseline (Fig. 5D ). That effect is within the range of published dose-response curves (Cragg et al., 1997; Mateo et al., 2005; Palij et al., 1990) . In addition, quinpirole blocked the ability of L-TYR 25 mM to elevate synaptic DA overflow (Fig. 5D ).
Since phosphorylation of TH does not per se affect TH affinity for L-TYR , the data suggest that quinpirole effects are mediated by inhibition of DA efflux and/or inhibition of phosphorylation/activation of TH (Lindgren et al., 2003) . This also confirms that the presence of functional inhibitory D2R does not prevent the L-TYR augmented evoked DA overflow under baseline conditions (Fig. 5B). 4.9. Enzyme affinity v. amino acid substrate levels TH has a high and stereoselective affinity for L-TYR but can also hydroxylate the other aromatic amino acids, L-phenylalanine and Ltryptophan (Teigen et al., 2007) (Table 2) . Experimental determination of amino acid substrate affinity (Km) is highly dependent on assay conditions, particularly on the nature and concentration of the tetrahydropterin cofactor Kaufman, 1995; Minami et al., 1992; Teigen et al., 2007) . We identified two studies in which the affinity of rat TH for each of its three amino acid substrates was determined in vitro under the same conditions and in the presence of the natural cofactor tetrahydrobiopterin (Daubner et al., 1992; Fitzpatrick, 1991) (Table 2 ). Using brain tissue levels from our laboratory (Bongiovanni et al., 2010) , reference values for protein and water content in rat brain (Banay-Schwartz et al., 1992; Schwab et al., 1997) and assuming homogeneous distribution in intracellular water, we estimated free intracellular amino acid levels (Table 3 ). The relative substrate affinities confirm that under usual conditions, brain TH would almost exclusively hydroxylate L-TYR rather than L-phenylalanine or L-tryptophan. However, the in vitro data also indicate that TH operates under a marked excess of L-TYR ( Table 3 ) and hence that elevation of basal L-TYR availability should not affect DA synthesis (Kaufman and Kaufman, 1985) . While a full treatment of the apparent discrepancy between the in vitro and in vivo data are beyond the scope of this paper, we note that i) the assumption of homogeneous amino acid distribution can be challenged, ii) high TH activity may affect L-TYR levels and that iii) individual in vitro enzyme characterization studies typically examine only a few of the many factors that may be involved in TH regulation in vivo (Tekin et al., 2014) .
Conclusion
Our three sets of experiments offer complementary information about the effect of increasing L-TYR availability on forebrain catecholamine systems. Across all experiments, effects were seen for L-TYR but not D-TYR, confirming a stereospecific enzyme-mediated mechanism. The simplest study, and the most physiologically relevant, was the first in which elevated levels of L-TYR potently elevated extracellular DOPAC and NE levels in MPFC and more modestly elevated DOPAC levels in striatum. The effects were evident when estimated brain L-TYR level were~2e3 fold above basal, a range readily attained through dietary means (Choi et al., 2001; Fernstrom and Faller, 1978; Peters and Harper, 1987; Voog and Eriksson, 1992) . Since L-TYR is not known to interact with vesicular transporters, catecholamine receptors, uptake mechanisms or any of the enzymes that catabolize DA or NE, we conclude that at least some of the additional L-TYR was converted enzymatically to DA. The corollary, of course, is that contrary to the prevailing understanding derived largely from in vitro studies (Fitzpatrick, 1999; Kaufman, 1995; Reed et al., 2010; Zigmond, 1988) , in vivo data do not confirm that TH is fully saturated by its L-TYR substrate under baseline conditions. This is consistent with our previous report on L-TYR augmented in vivo DOPA accumulation (Brodnik et al., 2012) .
Also consistent with our earlier reports (Bongiovanni et al., 2003; Jaskiw et al., 2001 Jaskiw et al., , 2005 , elevation of L-TYR did not affect unstimulated in vivo DA levels in either MPFC or striatum. We also conclude that under unstimulated conditions, most additional DA or NE synthesized from administered L-TYR is promptly metabolized, either before it is first packaged in vesicles or shortly afterwards. Thus, the L-TYR-driven increase in catecholamine turnover suggested by earlier studies in brain tissue (Chance et al., 1990; Milner and Wurtman, 1986; Morrow et al., 1996; Tam et al., 1990 ) is now confirmed in vivo.
Reverse dialysis with high Kþ perfusate induces a clamped depolarization that mobilizes and releases multiple vesicular stores. When such conditions are applied to the MPFC, at least some of the administered L-TYR is converted to DA that is then released into the extracellular space; a fraction of the latter is thought to be taken up by NE terminals and converted to NE. It is noteworthy, that K þ -evoked DA or NE levels in MPFC were not inhibited at any L-TYR concentration. In striatum in contrast, a concentration of L-TYR that elevated striatal DA synthesis and metabolism in the unstimulated state, depressed Kþ stimulated efflux, suggesting an L-TYR-driven expansion of the DA pool inhibitory to TH.
The ex-vivo data demonstrate that in the absence of control provided by afferents, L-TYR readily increases synaptic DA overflow in the striatum. We posit that the brief electrical pulses used to promote DA efflux ex vivo (Fig. 5) are less potent in activating TH activity and DA synthesis than the prolonged Kþ depolarization in vivo (Figs. 3 and 4) and hence do not expand the inhibitory intracellular DA pool. This raises the possibility that transient DA efflux elicited by physiological stimuli in vivo could be amplified by elevations of L-TYR. Such elevations are within the physiological range. Cerebrospinal fluid L-TYR levels in non-human primates vary up to 5-fold in response to dietary changes (Grimes et al., 2009) . Given the high concordance between brain intracellular, brain extracellular and cerebrospinal LNAA levels (Bongiovanni et al., 2010) , similar fluctuations can be expected in human brain parenchyma.
Our conclusions must be understood within the technical limitations of our experimental design and techniques. We could not measure intracellular L-TYR directly. The in vivo data represent average analyte efflux measured over 30 min collections. Possible effects of L-TYR availability on phasic catecholamine efflux over much shorter time periods (Marinelli and McCutcheon, 2014) remain to be explored. A K þ -induced clamped 30 min depolarization differs strikingly from a physiological action potential that lasts a few milliseconds. While ex vivo voltammetry allowed application of more physiological 4 ms stimulus durations, brain slices are both deafferented and disconnected from the circulatory system. We did not measure cofactors (e.g. tetrahydrobiopterin) known to affect TH kinetics or other neurotransmitters (e.g. serotonin, glutamate) that affect DA efflux. We examined only single concentrations D-TYR and of quinpirole.
These shortcomings notwithstanding, our data unequivocally demonstrate that even under unstimulated conditions, physiologically relevant elevations of L-TYR can increase catecholamine synthesis and metabolism in MPFC and striatum. This could impose a metabolic cost. At neutral pH, DA is unstable and prone to autoxidation (Bisaglia et al., 2014) . The regular metabolic pathway for DA involves generation of the highly toxic intermediate 3,4-dihydroxyphenylacetaldehyde (Eisenhofer et al., 2004) . Both processes generate quinones and highly reactive radical oxygen species that can attack thiol groups and damage cellular components (Bisaglia et al., 2014) . High concentrations of DOPAC alone inhibit mitochondrial respiration (Gautam and Zeevalk, 2011) . Thus, elevated L-TYR availability could promote oxidative stress and neurodegeneration, particularly if protective mechanisms were compromised. Oxidative stress in subcortical DA terminal fields has been implicated in neurodegenerative disorders such as Parkinson's disease (Bisaglia et al., 2014) . More recently, indices of increased oxidative stress have also been detected in the prefrontal cortex of patients with schizophrenia, bipolar disorder and autism (Kim et al., 2014; Sajdel-Sulkowska et al., 2011) , conditions in which dysregulated L-TYR transport (Bongiovanni et al., 2013; Fernell et al., 2007; Flyckt et al., 2001; Hagenfeldt et al., 1987; Olsson et al., 2006; Persson et al., 2009; Wiesel et al., 1991 Wiesel et al., , 1999 could expose the brain to abnormally elevated levels of L-TYR (Wiesel et al., 1999) . These disorders are also associated with working memory deficits (McGrath et al., 2016) and dendritic abnormalities in pyramidal cells of the prefrontal cortex (Konopaske et al., 2014; Phillips and Pozzo-Miller, 2015) . This is particularly interesting in light of our findings that increased L-TYR availability markedly elevated stimulated DA and NE levels in MPFC (Figs. 2 and 3) . Stress can also elicit catecholamine efflux in the prefrontal cortex of rodents and primates (Pani et al., 2000; Vaessen et al., 2015) . Chronic stress-elicited catecholaminergic efflux is known to induce working memory deficits and loss of dendritic complexity in the MPFC (Hains et al., 2009) . Our data suggest that this pathophysiological process could be amplified by elevated L-TYR availability and conversely, attenuated by appropriate interventions.
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